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Although a standardized approach to radiotherapy has been used to treat breast cancer, regardless of subtype (e.g., luminal, basal), recent clinical data suggest that radiation response may vary significantly among subtypes. We hypothesized that this clinical variability may be due, in part, to differences in cellular radiation response. In this study, we utilized RNA samples for microarray analysis from two sources: 1. Paired pre-and postirradiation breast tumor tissue from 32 early-stage breast cancer patients treated in our unique preoperative radiation Phase I trial; and 2. Sixteen biologically diverse breast tumor cell lines exposed to 0 and 5 Gy irradiation. The transcriptome response to radiation exposure was derived by comparing gene expression in samples before and after irradiation. Genes with the highest coefficient of variation were selected for further evaluation and validated at the RNA and protein level. Gene editing and agonistic antibody treatment were performed to assess the impact of gene modulation on radiation response. Gene expression in our cohort of luminal breast cancer patients was distinctly different before and after irradiation. Further, two distinct patterns of gene expression were observed in our biologically diverse group of breast cancer cell lines pre-versus postirradiation. Cell lines that showed significant change after irradiation were largely luminal subtype, while gene expression in the basal and HER2 + cell lines was minimally impacted. The 100 genes with the most significant response to radiation in patients were identified and analyzed for differential patterns of expression in the radiation-responsive versus nonresponsive cell lines. Fourteen genes were identified as significant, including FAS, a member of the tumor necrosis factor receptor family known to play a critical role in programed cell death. Modulation of FAS in breast cancer cell lines altered radiation response phenotype and enhanced radiation sensitivity in radioresistant basal cell lines. Our findings suggest that cell-typespecific, radiation-induced FAS contributes to subtypespecific breast cancer radiation response and that activation of FAS pathways may be exploited for biologically tailored radiotherapy. Ó 2015 by Radiation Research Society
INTRODUCTION
Radiotherapy is a routine component of multidisciplinary care for patients with breast cancer. However, despite increasingly detailed knowledge of breast tumor biology, the daily prescription of radiotherapy has remained relatively constant over many decades. It is now well known that breast tumors are composed of a heterogeneous group of distinct subtypes with characteristic clinical outcomes and patterns of gene expression (1) . Moreover, it has been demonstrated repeatedly that breast cancer subtypes vary in their response to chemotherapy (2) (3) (4) . Although less is known about the relationship between radiation response and breast cancer subtypes, previously reported clinical data have suggested that the more biologically aggressive phenotypes may display greater radiation resistance (5) (6) (7) . In an analysis of 2,985 breast tumors, Voduc et al. noted clear variation in locoregional recurrence risk. These inherent subtype-specific differences in locoregional relapse were quite clear in patients treated with mastectomy, largely without radiation therapy. However, the subtype-specific patterns of locoregional recurrence persisted even in the breast conservation setting where radiation was uniformly delivered, suggesting that the more biologically aggressive subtypes are also more resistant to radiotherapy (7) . Mechanisms underlying a differential response to radiotherapy in breast cancer subtypes are not well understood. Amundson et al. previously characterized a 60-cell-line panel from the National Cancer Institute for survival, apoptosis and gene expression in response to radiation exposure. This data suggested that the basal gene expression pattern was superior to radiation response signatures in discriminating radiosensitive from radioresistant cell lines. However, this panel incorporated only a few breast cancer cell lines and not all subtypes were included (8). Helland et al. (9) reported on changes in gene expression using pre-and postirradiation tumor biopsies from 19 patients with breast cancer. They identified four genes with consistent induction, two of which were involved in DNA repair and cell cycle control. However, all patients in this series had locally advanced or metastatic tumors, a setting in which inherent biologic differences may not be as clear.
Our overall hypothesis is that clinical differences in locoregional control among breast cancer subtypes are associated with unique radiation response gene expression profiles. Because breast cancer radiotherapy is typically delivered almost exclusively in the postoperative setting (10), opportunities to study this response are rare. However, we have generated a unique cohort of paired pre-and postirradiation samples from our clinical trial of patients with biologically favorable early-stage breast cancer treated with preoperative radiation therapy. To the best of our knowledge, our group was the first to propose delivery of radiation therapy prior to surgical resection, and we have since optimized this technique (11) . In the current study, using our patient samples and a biologically diverse panel of breast tumor cell lines, we examined the mechanisms underlying observed biological diversity in breast cancer radiation response and looked for subtype-specific patterns of radiation response that could act as a starting point to link radiation response phenotype to potentially targetable biologic pathways (12) .
METHODS

Breast Cancer Patients
Patients with biologically favorable [estrogen-receptor-(ER) or progesterone-receptor-(PR) positive, HER2-negative] early-stage breast cancer participating in an Institutional Review Board (IRB) approved Phase I protocol (no. Pro00015617) at Duke University Medical Center were included in the study (trial registration no. NCT00944528). Patients (n ¼ 32) 55 years or older with cT1N0 invasive carcinomas (n ¼ 25) or low/intermediate grade ductal carcinoma in situ ,2 cm (n ¼ 7) were enrolled after providing informed consent. Formalin fixed and paraffin embedded (FFPE) tumor samples were obtained at the time of diagnosis. Patients were enrolled consecutively in cohorts of eight to receive a 15, 18 and 21 Gy dose to determine the maximum tolerated dose of preoperative partial breast radiotherapy. Surgical resection was performed on patients within 10 days of treatment and postirradiation FFPE tumor samples were obtained at the time of surgical excision.
Microarray Analysis of Human Samples
Of 32 patients enrolled in the clinical trial, 26 had sufficient paired tumor tissue to be used for microarray analysis. In addition, we had a total of 9 biologic replicates to test for reproducibility of our data. RNA extraction and labeling was performed using the RNeasy FFPE kit (cat. no. 73504; QIAGENt, Valencia, CA), and the SensationPluse FFPE Amplification and Labeling Kit (cat. no. 902312; Affymetrix Inc., Santa Clara, CA). All total RNA samples were assessed for quality using a NanoDrope 8000 spectrophotometer for absorbance ratios and the Agilent Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA). Whole transcriptome expression analysis was evaluated with HTA 2.0 arrays (cat. no. 902162; Affymetrix). All samples were fully annotated and linked to clinical data.
The patients' genomic data discussed in this article has been deposited in the NCBI Gene Expression Omnibus (GEO) (http://www. ncbi.nlm.nih.gov/geo/) (13) . The deposited data are accessible through the GEO Series accession no. GSE65505 (http://1.usa.gov/1JQFl9x).
Breast Cancer Cell Lines
A total of 16 breast cancer cell lines displaying gene expression patterns consistent with distinct clinical breast subtypes were selected (12, 14) . Those cell lines were as follows: for luminal, MCF7, T47D, ZR751, CAMA-1, BT474 (Her2 þ ), SKBR3 (Her2 þ ), AU565 (Her2 þ ); for basal, SUM149, SUM159, MDA-MB-231, MCF10A, MCF12A, BT549, HBL100, HCC1954 (Her2 þ ) and DKAT. These cell lines reflect the heterogeneity of human breast cancer, thereby providing a valid biological model for study of phenotype-specific mechanisms. Cell lines were obtained from the American Type Culture Collection (ATCCt, Gaithersburg, MD) with the exception of DKAT, ZR751, MCF10A and the SUM lines, which were a gift from Drs. Victoria Seewaldt and Gayathri Devi (15, 16) . For full details of culture conditions, please see the Supplementary Information (http://dx.doi. org/10.1667/RR14089.1.S1).
Microarray Analysis of Breast Cancer Cell Lines
Total RNA was collected from approximately 1 3 10 6 cells in each of the 16 cell lines. RNA was isolated from the irradiated cell lines (5 Gy) 24 h after treatment using the RNeasy Mini Isolation Kit (QIAGEN). The same protocol was used for control cell lines (0 Gy). Samples were run in triplicate. RNA was hybridized to Affymetrix U133A2 arrays and processed in the Microarray Core Facility (Duke University Medical Center, Durham, NC).
The genomic data for the breast cancer cell lines discussed in this article have been deposited in the NCBI GEO (http://www.ncbi.nlm. nih.gov/geo/) (13) . The deposited date are accessible though the GEO Series accession no. GSE59732 (http://1.usa.gov/1JQJF4j).
Statistical Consideration
All statistical analyses were conducted using the R statistical environment and extension packages from CRAN and the Bioconductor project (17, 18) . Gene level expression estimates were obtained with Affymetrix Expression Console software (v.1.3) using RMA-Sketch workflow. To check for sample outliers and batch effects, principal component analysis of the global gene expression was conducted. Batch effects were corrected by scale-shift normalization prior to analysis (19) . For the human tumor samples, differential expression for paired samples was evaluated using the Bioconductor limma package with correction for multiple comparisons (20) . Genes with false discovery rate (FDR) adjusted P values (Q values) less than 0.05 were selected as differentially expressed in response to radiation exposure (21) . In the breast cancer cell lines, predefined genes of interest were selected to represent major cellular signaling pathways of interest in cancer progression and radiation response. A two-sample t test, followed by multiple hypotheses testing, was performed to identify differentially expressed probe sets caused by radiation exposure.To link the human data to our tissue culture findings, we utilized a two-way multiplicative linear mixed-effects model (22) (using the cell line as a random effect) to identify interactions between the 100 human genes whose expression was most significantly changed by exposure to radiation and differentially expressed genes in the radiation-responsive versus nonresponsive breast cancer cell lines. Implementation was provided by the linear mixed effects (lme) function in the nonlinear mixed effects (nlme) extension package and the inference was conducted using the restricted maximum likelihood (REML) approach (23) . The null sampling distribution for testing the marginal hypothesis of each fixed effect was assumed to follow a t distribution with appropriate degrees of freedom. The analyses were conducted under the implicit assumption of homogeneity with respect to the variance of the random effects and the variance of the measurement errors. Multiplicity was addressed within the FDR framework as above. The interaction effect between hypothesized radiation response status and radiation treatment is considered significant for those probe sets with FDR adjusted P values (Q values) less than 0.05.
The Cancer Genome Atlas (TCGA)
We used TCGA for external confirmation of our results. TCGA mRNA data were retrieved from the Cancer Genomic Data Server (CGDS) through the Computational Biology Center Portal (cBio; http://www.cbioportal.org/). The cdgsr extension package (https:// cran.r-project.org/web/packages/cgdsr/cgdsr.pdf) was used to execute the retrieval. We used a validated radiation response molecular signature (AR, cJun, STAT1, PKC, RelA, cABL, SUMO1, CDK1, HDAC1 and IRF1) (24) to calculate the radiosensitivity index (RSI) for 81 basal-like TCGA breast tumor samples. The model predicts a continuous RSI that is based on the survival fraction at 2 Gy (SF2). We did a linear regression of FAS expression values over RSI for all basal samples.
Immunohistochemistry (IHC)
FFPE tissue samples were processed via standard histologic procedures and 5 lm sections were stained with the intelliPATHt automated immunostainer (Biocare Medical Inc., Concord, CA). After an antigen retrieval step (35 min in sub-boiling citrate buffer, pH 6.0), the anti-FAS primary antibody [Ab-FAS (C20); no. sc715; Santa Cruz Biotechnology Inc., Dallas, TX] was applied for 2 h (1:800 dilution). The MDA-MB-468 cell line and placental tissue were used as positive controls. A negative control stain without primary antibody was also performed for all experiments. Each section was scored for average staining intensity (þ ¼ weak, 2þ ¼ moderate; there was no strong staining) and percentage of positive cells in both the cell membrane and the cytoplasm by a breast pathologist (JG). Those two factors were then multiplied together to create a modified histoscore. The membrane and cytoplasmic scores were added to generate a combined score. If the difference in combined score was .100, the expression level was considered significantly altered.
Quantitative Real-Time RT-PCR Analysis
Total RNA was harvested from approximately 1 3 10 6 irradiated cell lines (0 and 5 Gy) 24 h after irradiaton using the RNeasy Mini Isolation Kit (QIAGEN). RNA was reverse transcribed with MuLV reverse transcriptase and Oligo d(T) primers (Applied Biosystems, Foster City, CA). The SYBRt Green PCR Kit (Applied Biosystems) was used for quantitative real-time RT-PCR analysis. The primers were synthesized by Integrated DNA Technologies (Coralville, Iowa). Human primer sequences are listed as below. Relative differences in gene expression among groups were determined from cycle time (C t ) values. These values were first normalized to 18S or GAPDH in the same sample (DC t ) and expressed as fold over control (2 -ddC t ). Realtime fluorescence detection was performed using an ABI PRISMt 7900 Sequence Detector (Applied Biosystems). The following primers were used:
Western Blot Analyses
Protein expression levels were analyzed using Western blot assays. Cell lysates were prepared from cells at 50-70% confluence. Cells were harvested by trypsinization, washed once in PBS and resuspended in mammalian cell lysis buffer (MCLB) [50 mM TrisHCl (pH 8.0), 100 mM NaCl, 5 mM EDTA, 2 mM DTT, 1% NP40, 10 mM b-glycerophosphate, 1 mM Na 3 VO 4 ] supplemented with 13 protease inhibitor cocktail (cat. no. P8340; Sigma-Aldrich LLC, St. Louis, MO). After clarifying the extract by centrifugation, protein concentration was determined using the Bio-Rad D C protein assay (Bio-Rad Laboratories, Inc., Hercules, CA 
Modulation of FAS Expression
shRNA-mediated FAS knockdown. To evaluate the effect of FAS knockdown on radiosensitivity we used the radiation-responsive MCF7 cell line, which showed high levels of FAS induction in response to radiation exposure. We utilized a lentivirus-based approach to knockdown our gene of interest (cat. no. 9606102-9606106; Thermo Scientific Open Bio Systems, Huntsville, AL). The shRNA lentiviral vectors contained a U6 RNA polymerase IIIconstitutive promoter that drives short hairpin RNA expression. The MCF7 cells were infected with a single human FAS shRNA (cat. no. 9606104; Thermo Scientific Open Bio Systems) or negative control shRNA lentiviral vectors and 72 h post infection were placed under puromycin (1 lg/ml) selection. A pool of five human FAS shRNAs (cat. no. 9606102-9606106) was also utilized in a separate experiment. Cells were maintained for 3-5 days in selection media. Roughly 70% of the cells survived. The surviving cells were considered to be stably expressing shRNA due to the high efficiency integration of lentiviral vector into the mammalian genome and puromycin resistance. Changes in FAS protein expression were confirmed by Western blot.
FAS overexpression. Overexpression of FAS was achieved using a lentivirus-based approach (cat. no. EX-G0198-Lv105; GeneCopoeiae, Rockville, MD) in two basal cell lines with low levels of FAS expression, MDA-MB-231 and AU565. The lentiviral vector contains a CMV promoter that derives human FAS expression. The cells were infected with FAS-vector or negative control lentiviral vectors and 72 h post infection the cells were placed under puromycin selection (1 mg/ml). Cells were selected further for another 3-5 days, and roughly 70% of cells survived. The surviving cells were considered to be stably expressing FAS due to high efficiency of lentiviral vector integration into the mammalian genome. Change in FAS protein expression was confirmed by Western blot. FAS overexpressing cells were then treated with radiation and a FAS agonistic antibody (CH11, cat. no. 05-201; EMD Millipore) to evaluate downstream FAS signaling.
FAS Stimulating Antibody
To activate FAS, we used a FAS agonistic (stimulating) antibody, CH11 (monoclonal mouse antibody, cat. no. 05-201; EMD Millipore), at a concentration of 0.1 lg/ml. The goal was to determine if FAS activity would change radiation sensitivity in a radiation-nonresponsive cell line. SUM159 was pretreated with CH11 for 6 h prior to irradiation. The antibody-containing media was then removed and replaced with fresh media without antibody. Clonogenic cell survival assays were conducted as described below. Cell survival in the treated lines was compared to the untreated cell lines.
Clonogenic Survival Assays
Cell lines of interest were plated and allowed to adhere overnight at 378C. Plates were exposed to variable doses of radiation using a Cesium-137 Mark-I irradiator (JL Shepherd, San Fernando, CA). Media was removed and replaced 24 h after irradiation. The cells were allowed to grow into colonies over a period of 10-14 days or until the control plates grew visible colonies. The plates were then washed with 13 PBS, fixed with 10% methanol-10% acetic acid for 10 min and stained with a 0.4% solution of crystal violet for 10 min. A ColCounte colony counter (Oxford Optronix Ltd., Abingdon, UK) was used to image and count the number of colonies per plate using fixed sensitivity settings so that only colonies of .50 cells were counted. Plating efficiencies (PE) were calculated using the formula: PE ¼ number of colonies/number of cells seeded and normalized to the control/sham-irradiated plates. Surviving fraction (SF) was calculated using the formula: SF ¼ number of colonies/number of cells seeded 3 PE. End points included the surviving fraction at each dose level.
shRNA-Mediated TP53 Knockdown
We utilized a retrovirus-based approach to knockdown TP53 in MCF7 cell lines (25) (gift from Dr. Xiaohu Tang). Briefly, the shRNA retroviral vector pRetroSuper-puro contained a H1 RNA polymerase III-constitutive promoter that drives short hairpin RNA expression. The MCF7 cells were infected with human TP53 shRNA or negative control shRNA retroviral vectors and 72 h after infection were placed under puromycin (1 lg/ml) selection. Cells were selected further for another 3-5 days, and roughly 70% of the cells survived. The surviving cells were considered to be stably expressing shRNA due to high-efficiency integration of the retroviral vector into the mammalian genome and puromycin resistance. Changes in TP53 protein expression were confirmed by Western blot.
ImageStream Flow Cytometry
In addition to the effect of radiation on FAS expression at the mRNA and protein levels, exposure to radiation may also affect FAS localization in the cells. We used the ImageStream X t Mark II imaging flow cytometer (Amnis/EMD Millipore, Seattle WA) to evaluate radiation-induced changes in the localization of: 1. FAS; 2. FASassociated phosphatase 1 (FAP1); and 3. FAS ligand. Human breast cancer cell lines (radiation-responsive cell line MCF7 and radiationnonresponsive cell line SUM159) were 0 or 5 Gy irradiated and harvested 24 h after irradiation. Cells were stained with mAbs for human FAS (FAS PE; eBioscience Inc., San Diego, CA) or FAS ligand (FASL, PE; BioLegendt Inc., San Diego, CA). After Ab staining the cells were fixed with 1% formaldehyde. For the cytoplasmic immunostaining, the cells were then permeabilized and blocked in permeabilization buffer (3% fetal calf serum, 0.1% Tritone X-100) at room temperature for 1 h and incubated with anti-FAS Ab, anti-FAS ligand Ab or anti-FAP1 Ab (H-300, Santa Cruz Biotechnology) followed by incubation with goat-anti-rabbit IgG FITC Ab (Santa Cruz Biotechnology) in permeabilization buffer. Anti-DRAQ5 DNA dye (Cell Signaling Technology) was used for nuclear staining. A total of 5,000-8,000 cells were then collected and analyzed by 
RESULTS
Gene Expression Response to Radiation in Human Breast Tumors
Thirty-two women with early-stage ER-positive breast cancer were enrolled in our novel clinical trial evaluating preoperative radiation therapy (Fig. 1A) . After pathologic confirmation of a 2 cm in situ or invasive breast cancer with clinically negative lymph nodes, patients received a single fraction dose of 15, 18 and 21 Gy. Within 10 days, patients were taken to the operating room for surgical excision. Twenty-six patients had tumor tissue from the pretreatment diagnostic core biopsy and post-treatment from the surgical specimen collected for further analysis of gene expression.
Radiotherapy to the intact breast tumor resulted in marked changes in gene expression (Fig. 1B) . Principal component analysis showed distinct separation between pre-and postirradiation breast tumor samples with minimal overlap. Furthermore, gene induction, rather than repression, appears to be the dominant effect, with a large number of genes induced by radiation exposure (Fig. 1C) . From this data, 100 genes with the most significant change in radiation response (Q , 2.57E-08) were selected for further evaluation (Fig. 1C, green dots) . Genes in this list included those involved in various biological processes such as apoptosis, cell cycle and MAPK signaling pathways.
Gene Expression Response to Radiation in Breast Cancer Cell Lines
Our clinical cohort consisted entirely of patients with luminal subtype breast cancer, since individuals with more aggressive subtypes were not felt to be optimal candidates for the clinical trial. To better understand the biologic relevance of our findings across tumor subtypes, we next evaluated gene expression patterns after irradiation in a large panel of biologically diverse breast cancer cell lines (Fig. 1A) . Microarray analysis indicated markedly different radiation response profiles among the breast cancer cell lines after irradiation, with two dominant patterns emerging (Fig. 1D) . In four of the 16 cell lines, there were a large number of genes exhibiting significant change in expression as a result of radiation exposure. Three of the four HER2 -luminal cell lines (MCF7, T47D, ZR751) and one basal line (HBL100) were included in this radiation-responsive cohort. In contrast, using the same filtering criteria, we noted a striking absence of change in gene expression in the remaining 12 basal and HER2
þ luminal cell lines.
Candidate genes were evaluated to determine which specific pathways might be driving the unique radiation response in these two cohorts. The most significant differential pattern of expression was seen in the induction of FAS after irradiation. FAS (CD95, APO-1) a critical modulator of programed cell death, was seen to increase significantly in three of the four radiation-responsive cell lines (MCF7, ZR751 and HBL100). In contrast, despite highly variable levels of FAS expression at baseline, none of the radiation-nonresponsive cell lines demonstrated significant FAS induction. This effect was conserved across multiple FAS probe sets. Additional genes important in programed cell death, TP5313 (p53-inducible protein 3) and caspase 9, were also noted to be differentially affected by radiation in the radiation-responsive versus nonresponsive cell lines.
Concordant Gene Expression Response in Breast Tumors and Cell Lines
To link the human tumor samples and biologically diverse breast cancer cell lines, we assessed for differential expression of the 100 most radiation-responsive human genes in the radiation-responsive versus nonresponsive cell -luminal lines: MCF7, ZR751, T47D, and 1 basal: HBL100) had a large number of genes with significant induction or repression after irradiation. In contrast, the remaining twelve basal and HER2 þ luminal cell lines revealed a striking absence of response to radiation. Panel E: Fourteen genes associated with 27 probe sets were identified as having significant Q values for differential expression in both the human data and in the cell line data (Q , 0.002). FAS is significantly induced with an effect conserved across multiple probe sets.
lines. Fourteen genes associated with 27 probe sets were identified as having significant Q values for differential expression in both the human data and in the cell line data (Q , 0.002). FAS was again identified as highly significant (Q ¼ 7.42E-10) (Fig. 1E) . These findings suggested a role for the differential activation of the apoptosis pathway as a biologically plausible explanation for clinical differences in radiation response (10) that deserved further exploration.
Validation of FAS Induction in Human Tissue
To validate our human microarray results ( Fig. 2A) showing that in each patient FAS was induced in response to radiation exposure, we utilized immunohistochemistry (IHC) to confirm FAS induction at the protein level. We again saw significant FAS induction with radiation exposure (Fig. 2B) . For evaluable preirradiation patient samples (n ¼ 27), the mean score was 68, while evaluable postirradiation samples (n ¼ 20) had a mean FAS score that was nearly double at 132 (P ¼ 0.004; Fig. 2C ). Sixteen patients had paired pre-and postirradiation IHC results. Six of those (38%) demonstrated upregulation of FAS that was identified as significant (change in histoscore .100; P ¼ 0.01). Although induction was not as uniform at the protein level, tumors were assessed at a variable time window (1-10 days) between radiation treatment and surgical resection in this initial proof-of-concept dose-escalation trial, and IHC is known to be a more subjective measure. Of the six cases with significant induction, four were in the highest radiation dose cohort of 21 Gy suggesting that significant FAS induction may be dose dependent (Fig. 2D) .
FAS Validation in Cell Lines
To confirm our cell line microarray findings (Fig. 3A) showing induction of FAS in predominantly luminal cell BREAST CANCER SUBTYPE-SPECIFIC RADIATION RESPONSE lines, we selected representative subsets of cell lines from the radiation-responsive and nonresponsive groups for further study. Although FAS induction was seen in one of the nonresponsive cell lines (MDAMB231), qPCR analysis also confirmed significant induction of FAS in three of the radiation-responsive lines (MCF7, ZR751 and T47D). In contrast, the two SUM lines did not demonstrate FAS induction. Similarly, at the protein level, Western blot analysis demonstrated that the radiation-responsive cell lines (MCF7 and ZR751) had increased FAS signal in response to radiation while there were no significant changes in MDAMB231 and SUM159 (radiation-nonresponsive subset) despite significant variability in baseline FAS levels (Fig. 3C) . Our findings of FAS induction in the radiation-responsive cell line MCF7 and no change or repression in the nonresponsive line SUM159 were confirmed over multiple experiments [ Fig. 3 and Supplementary Fig. S1 (http://dx.doi.org/10.1667/RR14089.1. S1)].
FAS Localization
It has been shown that in some human tumors, export of FAS to the cell surface is impaired due to FAS association with FAS-associated phosphatase 1 (FAP1), thereby inactivating FAS ligand-mediated apoptosis (29, 30) . To investigate if radiation exposure affected FAP1 expression and FAS retention differently in radiation-responsive versus nonresponsive cell lines, we used ImageStream flow cytometry to analyze FAS trafficking and FAS/FAP1 colocalization. We found that radiation exposure increased total FAS intensity in the radiation-responsive cell line MCF7, but had little effect on the radiation-nonresponsive cell line, SUM159 (Fig. 4A) . In SUM159 cells, FAS was intensely expressed on both the cell surface and in the cytoplasm before as well as after exposure to radiation (Fig.  4B-E) .
FAP1 was also highly expressed in the cytoplasm of the radiation nonresponsive cell line SUM159. Radiation exposure increased FAP1 expression in MCF7, but not in SUM159 ( Supplementary Fig. S2A-C ; http://dx.doi.org/10. 1667/RR14089.1.S1). In both cell lines, the similarity scores of FAP1 and total FAS or FAP1 and cytoplasmic FAS were low (less than 1) despite radiation exposure, indicating there was low co-localization of FAP1 and FAS (Supplementary Fig. S2D-F ; http://dx.doi.org/10.1667/ RR14089.1.S1) and as a result, that FAS was not retained in the cytoplasm through association with FAP-1.
Finally, some increase in total FAS ligand expression was noted after irradiation in both cell lines (Supplementary Fig.  S3A-D; http://dx.doi.org/10.1667/RR14089.1.S1). However, FAS ligand was contained primarily in the cytoplasm with minimal surface expression (Supplementary Fig. S3E and F; http://dx.doi.org/10.1667/RR14089.1.S1) both before and after irradiation. SUM159 did exhibit a small increase in surface expression after irradiation but no clear relationship could be discerned between FAS ligand localization and patterns of FAS expression. Similarly, no easily discernible pattern could be identified in FAS ligand mRNA expression and induction or repression of FAS (data not shown) across all 16 cell lines.
TP53 and FAS Induction
Next, we investigated whether the induction of FAS after irradiation was driven by TP53, which is a known key mediator of cell cycle control, programed cell death and radiation response, as well as an upstream regulator of FAS. Although TP53 is commonly mutated in breast cancers overall, only 12% of luminal A tumors contain TP53 mutations compared to 80% of basal-like tumors.
The MCF7 cell line is known to express wild-type TP53 and induce both TP53 and FAS in response to radiation exposure (Supplementary Fig. S4 ; http://dx.doi.org/10. 1667/RR14089.1.S1). Therefore, we used shRNA to knockout TP53 in the MCF7 cell line. However, despite To evaluate the localization of FAS, we generated masks for cytoplasmic and membrane FAS to quantify their intensity. Panels D and E: In response to radiation, both cytoplasmic and membrane FAS increased in the MCF7 cell line. In contrast, SUM159 had high levels of membrane and cytoplasmic FAS before and after irradiation.
BREAST CANCER SUBTYPE-SPECIFIC RADIATION RESPONSE the loss of TP53, FAS induction was persistent in the TP53 null cell line. The overall level of FAS expression was reduced, but the magnitude of radiation response was similar to that seen in the parent MCF7 cell line [FAS expression (normalized to actin): 1.0-1.8 after irradiation in TP53 wt ; 0.1-0.4 in TP53 null]. It is important to note that in addition to TP53 there are other known transcriptional regulators that can affect FAS expression, including nuclear factor of kappa light polypeptide gene enhancer in B cells 1 (Nfkb1 or NF-kappaB), signal transducer and activator of transcription 3 (STAT3) and the jun proto-oncogene (JUN, also known as c-Jun) (31) (32) (33) . Therefore, although FAS radiation response occurs in the absence of TP53 in our study, further study will be required to determine the role of additional regulators of FAS transcription.
Impact of FAS Modulation on Radiation Sensitivity
Although FAS induction appeared to be differentially induced in the more favorable, luminal-type breast cancers, it was not clear that this could then be utilized as a tool to modify radiation response. Therefore, we selected one cell line from the responsive cohort (luminal: MCF7) and one from the nonresponsive cohort (basal: SUM159) to determine if sensitivity to radiation would change as a result of FAS modulation.
We selected the radiation-responsive MCF7 cell line to determine if radiation sensitivity could be reversed in the absence of FAS expression. We used Western blotting to first verify that shRNA effectively knocked down the FAS receptor (Fig. 5A) . Radiation was also applied and no FAS induction was seen in the knockdown. Clonogenic cell survival assays were then performed and compared to the control shRNA MCF7 cell line with intact FAS (Fig. 5B) . Both cell lines were equally radiosensitive at 4 Gy, but increased radioresistance was observed with FAS knockdown for the lower doses of 1 and 2 Gy.
In contrast, when FAS was activated by FAS-stimulating antibody CH11, the radiation-nonresponsive SUM159 demonstrated significantly greater radiosensitivity (Fig.  5C) . The dose to achieve a surviving fraction of 0.1 was approximately 8 Gy in the control cells and 3.25 Gy in the CH11-treated SUM159 cells, yielding a dose-modifying factor of 2.5. This occurred despite a lack of visible FAS induction (Fig. 5D ).
FAS as a Therapeutic Target in Basal Cancers
Based on our findings that SUM159 could be sensitized to radiation using a FAS-activating antibody (despite a lack of FAS induction), we hypothesized that basal cell lines with high levels of FAS may retain an intact apoptosis signaling pathway while those with low-level expression do not. Western blot analysis revealed that in the cell lines with high baseline levels of FAS (SUM159, HCC1954) downstream activation of cleaved caspases 3, 9 and PARP did not occur in response to radiation, but could be induced with FAS stimulation via CH11. In contrast, those cell lines with low levels of FAS (MDA231, AU565) at baseline did not exhibit evidence of apoptosis after irradiation or stimulation with CH11 (Fig. 6) .
FAS was then overexpressed in the two cell lines with low baseline FAS expression, MDA231 and AU565, to determine if this could restore FAS function and as a result, radiation response. Western blot analysis revealed that significant induction of apoptosis proteases caspases 3, 8 and 9 and c-PARP could be seen in response to treatment with CH11 after FAS overexpression (Fig. 7A) . Furthermore, reintroduction of FAS signaling was able to enhance radiation response (Fig. 7B ) in both basal cell lines.
Finally, to further test our theory that baseline FAS expression may be linked to radiation sensitivity in the basal subtype, we utilized the validated radiation response molecular signature from Eschrich et al. (24) to calculate the radiosensitivity index (RSI) for 81 TCGA basal breast tumor samples. A linear regression model of FAS expression values over RSI demonstrated significance for all of the samples (P ¼ 0.002844) with a negative regression coefficient (À0.83) meaning that FAS expression decreased as RSI increased; an increasing RSI score indicates radiation resistance (Supplementary Fig. S5 ; http://dx.doi.org/10. 1667/RR14089.1.S1).
DISCUSSION
Delivery of radiation therapy in the treatment of breast cancer is currently based on historic data that predated modern molecular techniques and an understanding of breast subtype-specific biology. For almost 300,000 women in the U.S. diagnosed with breast cancer each year, the ''one size fits all'' radiotherapy approach is a routine part of multidisciplinary breast cancer care. However, clinical data are accumulating to support the idea that radiation response can be linked to breast cancer phenotype (6, 7) . A recent Early Breast Cancer Trialists' Collaborative Group (EBCTCG) publication, with pooled data on over 10,000 breast cancer patients from 17 historical randomized clinical trials, found that while radiation therapy was effective in both groups, the degree of risk reduction for any first recurrence was substantially greater in the estrogen receptor (ER þ ) patients receiving radiation than those with ER -tumors (10) . This data suggest that there is some biologic feature common to ER þ tumors that enhances their sensitivity to ionizing radiation (10) . If this characteristic can be identified, it can lead to a greater understanding of breast cancer radiation response and potentially influence radiotherapeutic approaches for all breast tumor subtypes. BREAST CANCER SUBTYPE-SPECIFIC RADIATION RESPONSE Individualization of therapy is particularly relevant in breast cancer. Systemic therapy has moved from a more uniform therapeutic approach to biologically based treatment over the last 5-10 years. Chemotherapy delivered prior to surgery has revolutionized our understanding of subtype-specific chemotherapy response and dramatically impacted clinical practice (34) . While initial trials evaluating preoperative chemotherapy grouped all patients with breast cancer together, it has quickly become apparent that this is not an optimal approach. Modern trials now routinely separate patients from different chemotherapy response groups into distinct clinical trials with unique end points.
Therefore, it seems feasible that a better understanding of breast cancer subtype-specific radiation biology could similarly impact clinical practice. Radiation dose could potentially be decreased in patients with more radiosensitive tumors, thus decreasing radiation-related normal tissue damage. Conversely, supplemental therapies could be utilized in patients with more radioresistant tumors to reduce the unacceptably high rate of tumor recurrence with associated morbidity and mortality. However, molecular insight into this differential radiation response is needed to lay the groundwork for clinical trials evaluating individualized radiotherapy.
In this work, we set out to determine whether there were variations in radiation response, using RNA microarray data from a rare cohort of paired pre-and postirradiation breast tumor tissue and a library of 16 diverse breast tumor cell lines. We specifically noted the differential induction of FAS (also known as APO-1 or CD95), a member of the tumor necrosis factor receptor (TNF-R) family, in the luminal human samples and the four radiation-responsive cell lines, three of which were luminal and HER2 -. FAS is a cell surface receptor that contains an intracellular ''death domain'' and plays a critical role in the initiation of apoptotic cell death. Differential expression of FAS has been implicated in tumor aggression, metastasis and resistance to both chemotherapy and radiation therapy (35) (36) (37) (38) (39) . In breast cancer patients, Botti et al. noted significantly shorter disease-free and overall survival periods in 167 FAS-negative and FASL-positive stage I/II breast cancer patients (40) . In contrast, higher expression levels of FAS are associated with smaller tumor size, negative lymph nodes and prolonged disease-free survival (41) .
In addition to its prognostic role, FAS has also been shown to predict response to therapy. In human myeloma and T-cell leukemia cells, resistance to mitoxantrone and doxorubicin has been associated with reduced FAS expression. In tumors with epigenetically repressed FAS that are rescued, tumor growth can be suppressed and chemosensitivity restored (42) . Furthermore, radiation sensitivity has been linked to FAS expression levels in patients with malignant lymphoma. In patients with rapid clinical tumor regression, FAS was identified at relatively low radiation doses. This was in contrast to the low or absent expression seen in patients with squamous cell tumors from the same anatomic region (43) . While FAS induction is viewed as contributing to differences in radiation sensitivity among tumors of diverse origin, it may be that differential FAS induction also helps to explain the clinical differences in response to radiation that exist within a heterogeneous group of breast tumors.
In addition to showing that FAS is induced in response to radiation in a subset of biologically favorable breast cancer cell lines and patient tumors, we have demonstrated, more importantly, that we can alter radiation response by modulating FAS. In the initially radiation-responsive MCF7 cell line, we were able to show that reduction of FAS increased radiation resistance. Furthermore, we were able to demonstrate that the induction seen in response to radiation was reduced, but not dependent on TP53. This finding is supported by the work of Oh et al., who also identified FAS induction despite using multiple mouse models that were TP53 deficient (45) . In parallel, we were also able to demonstrate that the radiation response of resistant cell lines (e.g., SUM159) with high baseline levels of FAS expression can be enhanced by a FAS-stimulating antibody. Importantly, this was seen even when FAS induction was not apparent, suggesting that baseline FAS levels may serve as a biomarker of radiation response in the basal tumor subtype. Further supporting this hypothesis, we were able to restore FAS signaling and enhance radiation response by overexpressing FAS in basal cell lines with low baseline expression.
However, our study does have limitations. For example, the classification of cell lines as radiation responsive versus radiation nonresponsive is a working model based on the number of genes differentially expressed in response to radiation exposure. Our analysis of radiation effect in these two cohorts may be biased since we are using the same dataset to classify cells into responsive versus nonresponsive. Furthermore, in our study, the relationship between breast cancer subtype and radiation response was not perfectly aligned. One basal cell line had significant response to radiation and one radiation-responsive luminal cell line did not have significant FAS induction. It is possible that some additional clinical or tumor feature is needed to determine radiation response. Indeed, in human breast cancers, although we observed FAS mRNA induction with radiation exposure in all samples, at the protein level we observed FAS induction in only a subset of samples. Furthermore, the patterns of FAS-dependent cell death in vivo may also differ significantly from what we have observed in vitro due to significantly higher levels of FASligand secretion from tumor-associated macrophages (26, 27, 28) . Additional in vivo work will be required to further delineate the impact of the tumor microenvironment on subtype-specific programed cell death. Most importantly, clinical proof that FAS can be used as biomarker to individualize breast radiotherapy will require robust clinical trials with long-term locoregional response end points.
Given the disparate rates of local control in breast tumor subtypes, we would anticipate that subtype-specific radiation knowledge would be utilized differently depending on the subtype. In radiation-responsive breast cancers with significant induction of FAS, clinical trials evaluating dosereduction strategies to limit the toxicity of therapy could be designed. In contrast, more nonresponsive tumors with high levels of FAS could be selected for concurrent targeted therapy. The use of clinical antibodies targeting the FAS receptor has thus far been limited by normal tissue toxicity (46) , but alternative strategies are under investigation. One such strategy involves the use of short structured RNA molecules, known as aptamers, which have several advantages over antibody therapy including the potential to develop aptamer antidotes that reverse toxicity (47) .
Our ongoing projects and future studies include using in vitro and in vivo assays to validate and further evaluate additional radiation response candidate genes, as well as to elucidate FAS interaction partners and their involved pathways in the radiation-responsive versus nonresponsive cell lines.
CONCLUSION
We have linked FAS induction to luminal breast tumors, confirmed that this appears to be a subtype-specific phenomenon in our diverse cohort of breast cancer cell lines and demonstrated that FAS can be used to favorably affect radiation sensitivity in resistant subtypes. Based on this data we believe that FAS has the potential to act as a predictive and therapeutic biomarker for radiation response in breast cancer patients. Fig. S1 . Radiation-induced FAS expression patterns in SUM159 cell line. 
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